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Abstract
Indirect excitons (IX) in semiconductor heterostructures are bosons, which can
cool below the temperature of quantum degeneracy and can be effectively controlled
by voltage and light. IX quantum Bose gases and IX devices were explored in GaAs
heterostructures where an IX range of existence is limited to low temperatures due to
low IX binding energies. IXs in van der Waals transition-metal dichalcogenide (TMD)
heterostructures are characterized by large binding energies giving the opportunity for
exploring excitonic quantum gases and for creating excitonic devices at high temper-
atures. TMD heterostructures also offer a new platform for studying single-exciton
phenomena and few-particle complexes. In this work, we present studies of IXs in
MoSe2/WSe2 heterostructures and report on two IX luminescence lines whose energy
splitting and temperature dependence identify them as neutral and charged IXs. The
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experimentally found binding energy of the indirect charged excitons, i.e. indirect tri-
ons, is close to the calculated binding energy of 28 meV for negative indirect trions
in TMD heterostructures [Deilmann, Thygesen, Nano Lett. 18, 1460 (2018)]. We also
report on the realization of IXs with a luminescence linewidth reaching 4 meV at low
temperatures. An enhancement of IX luminescence intensity and the narrow linewidth
are observed in localized spots.
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Introduction
An indirect exciton (IX), also known as an interlayer exciton, is a bound pair of an electron
and a hole confined in spatially separated layers. The spatial separation between the electron
and hole layers allows achieving long IX lifetimes, orders of magnitude longer than lifetimes
of direct excitons (DXs).1 Due to their long lifetimes, IXs can cool below the temperature of
quantum degeneracy.2 The realization of IX quantum Bose gases in GaAs heterostructures
led to finding of many phenomena, including spontaneous coherence and condensation of
IXs,3 the spatially modulated exciton state,4,5 the commensurability effect of exciton density
waves,6 spin textures,7 and the Pancharatnam-Berry phase and long-range coherent spin
transport in the IX condensate.8
Furthermore, an IX has a built-in electric dipole moment, ed (d is the separation be-
tween the electron and hole layers). As a result, IX energy, lifetime, and flux can be ef-
fectively controlled by voltage that is explored for the development of excitonic devices. In
GaAs heterostructures, experimental proof-of-principle demonstrations were performed for
excitonic ramps,9,10 excitonic acoustic-wave11 and electrostatic12 conveyers, and excitonic
transistors.13
2
However, the IX range of existence in GaAs heterostructures is limited to low tempera-
tures due to low IX binding energies. Excitons exist in the temperature range roughly below
Eex/kB (Eex is the exciton binding energy, kB is the Boltzmann constant).
14 The IX bind-
ing energy in GaAs/AlGaAs heterostructures is typically ∼ 4 meV.15 The maximum Eex
in GaAs heterostructures is achieved in GaAs/AlAs coupled quantum wells (CQW) and is
∼ 10 meV.16 The temperature of quantum degeneracy, which can be achieved with increas-
ing density before exciton dissociation to electron-hole plasma, also scales proportionally
to Eex.
17 In GaAs heterostructures, quantum degeneracy was achieved below few Kelvin2
and the proof of principle for the operation of IX switching devices was demonstrated below
∼ 100 K.18 IXs with high Eex reaching ∼ 30 meV are explored in ZnO and GaN heterostruc-
tures.19–22
Van der Waals heterostructures composed of atomically thin layers of TMD offer an op-
portunity to realize artificial materials with designable properties23 and, in particular, allow
the realization of excitons with remarkably high binding energies.24,25 IXs in TMD het-
erostructures are characterized by binding energies exceeding 100 meV making them stable
at room temperature.17 IXs were observed at room temperature in TMD heterostructures.26
Due to the high IX binding energy, TMD heterostructures can form a material platform
both for exploring high-temperature quantum Bose gases of IXs and for creating realistic
excitonic devices.
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Figure 1: Van der Waals MoSe2/WSe2 heterostructure. The heterostructure layer (a)
and real space energy band (b) diagrams. The ovals indicate a direct exciton (DX) and an
indirect exciton (IX) composed of an electron (−) and a hole (+). (c) Momentum space
energy band diagram around the K point. Solid and dashed lines represent spin-up and
spin-down bands. Optically active low-energy DX and IX states are indicated by arrows.
IXs are instensively studied in optically excited van der Waals TMD heterostructures
with coupled electron and hole layers.26–52 IXs can also appear in electron-electron (or hole-
hole) bilayers in a collective electronic state in strong magnetic fields at the total Landau
level filling factor 1. The latter was realized in GaAs heterostructures53–58 and in graphene–
boron-nitride–graphene van der Waals heterostructures.59,60
Results and discussion
In this work, we present studies of IXs in MoSe2/WSe2 heterostructures. We report on
the observation of charged IXs, i.e. indirect trions (IXT). The identification of indirect
4
trions is based on the measured energy splitting and temperature dependence of IX and IXT
luminescence lines: The splitting corresponds to the binding energy for negative indirect
trions in TMD heterostructures calculated in Ref.61 and the temperature dependence follows
the mass action law for the indirect trions. We also report on the realization of IXs with a
luminescence linewidth reaching 4 meV at low temperatures, the lowest value reported so
far for IXs in TMD heterostructures. An enhancement of IX luminescence intensity and the
narrow linewidth are observed in localized spots.
Figure 2: Spatially indirect, i.e., interlayer, luminescence in CQW flake and bright
spot. (a) x-y map of indirect luminescence (spectral range 1.24–1.46 eV) in sample S.
Indirect luminescence intensity is enhanced in a bright spot observed near the top of the
CQW flake. The layer boundaries are shown. (b) The luminescence spectrum at the CQW
flake in sample S at excitation power Pex = 3.4, 1, and 0.5 mW (top to bottom). (c) The
luminescence spectrum at the bright spot in sample M at Pex = 10 µW. The laser excitation
is defocused in (a) and focused at the flake center in sample S (b) and at the bright spot in
sample M (c). T = 1.7 K, Vg = 0.
The MoSe2/WSe2 heterostructures were assembled by stacking mechanically exfoliated
2D crystals on a graphite substrate (Fig. 1a). The CQW is formed where the MoSe2 and
WSe2 monolayers overlap. The MoSe2 and WSe2 monolayers are encapsulated by hexago-
nal boron nitride (hBN) serving as dielectric cladding layers. The real-space energy-band
diagram is shown in Fig. 1b. IXs are formed from electrons and holes confined in adja-
cent monolayer MoSe2 and WSe2, respectively. These type-II MoSe2/WSe2 heterostructures
with staggered band alignment are similar to AlAs/GaAs CQW where IXs are formed from
electrons and holes confined in adjacent AlAs and GaAs layers, respectively.16,18 In the
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MoSe2/WSe2 heterostructures, due to the order of spin-up and spin-down states in valence
and conduction bands (VB and CB) the lowest energy DX state is optically active in MoSe2
and dark in WSe2, and the lowest energy IX state is optically active (Fig. 1c).
62–66 We stud-
ied heterostructures manufactured in Manchester and San Diego (samples M and S). The
order of MoSe2 and WSe2 layers is different in samples M and S to probe both configurations.
Both samples show indirect trions and intensity enhancement in localized spots.
Along most of the CQW heterostructure area, the IX luminescence intensity varies only
slightly (Fig. 2a). We will refer to this CQW heterostructure area as the CQW flake. How-
ever, we observed bright spots, which exhibit enhanced IX luminescence in comparison to
the surrounding regions of the CQW heterostructure [Fig. 2a and Figs. S1 and S2 in Supple-
mentary Information (SI)]. The CQW flakes and CQW bright spots show similar features of
neutral and charged IX luminenscence and the data for both these regions are presented in
this work.
In this paragraph, we outline phenomenological properties of the bright spots. We note
that further details of their properties and their origin form the subject for future studies
and do not affect the conclusions on neutral and charged IXs in this work. The enhancement
of IX luminescence at the bright spots is localized within ∼ 2 µm in sample S and within the
length smaller than the 1 µm optics resolution in sample M. In contrast to IX luminescence,
the intralayer DX luminescence varies only slightly along the CQW heterostructure and does
not show an intensity enhancement in the bright spots [Figs. S1 and S2 in SI]. The bright
spots form naturally with no artificially designed IX confinement such as in electrostatic
traps in GaAs heterostructures.67–73 The presence of the luminescence bright spot for IXs
with a built-in electric dipole and its absence for DXs with no electric dipole suggests that the
bright spots originate from an accidental IX trapping due to the background electrostatic
potential in the heterostructures. The bright spot shows a narrow IX linewidth reaching
4 meV at the lowest excitation power tested (Figs. 2c and S3).
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Figure 3: Gate voltage dependence. Indirect luminescence spectra in MoSe2/WSe2 CQW
at different gate voltages Vg at the bright spot in sample M. Left inset: Luminescence peak
energy vs. Vg. IX and IX
T are indirect exciton and trion, DX and DXT are direct exciton
and trion. Right inset: Schematic of IX and IXT. Pex = 1.25 mW, T = 1.7 K.
Two lines of spatially indirect luminescence are observed in the spectrum (Figs. 2b,
3). Due to the IX electric dipole moment, ed, the IX energy shifts in the voltage-induced
electric field in the z direction, Fz, by δE = −edFz. The energy of two luminescence lines
is controlled by voltage Vg applied between the graphene top gate and graphite back gate
and creating the bias across the CQW structure (Fig. 3), indicating that both these lines
correspond to spatially indirect luminescence.
The IX line splitting of 28 meV (sample S, Fig. 2b) [26 meV (sample M, Fig. 3)] is much
smaller than the energy difference of the A and B excitons caused by the spin-orbit splitting
of the WSe2 VB.
74 Therefore, both IX lines represent different species of A excitons.
The measured energy splitting and temperature dependence of these two lines identify
them as neutral and charged indirect excitons. The lower energy line corresponds to charged
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Figure 4: Temperature dependence. Spectra of spatially indirect (a,b) and direct (c)
luminescence in MoSe2/WSe2 CQW at different temperatures at CQW flake in sample S (a)
and bright spot in sample M (b,c). Pex = 3.4 (a) and 1.25 (b,c) mW, Vg = 0.
IXs, i.e., indirect trions (IXT), and the higher energy line to neutral IXs (Fig. 3 right inset).
The energy of the trion luminescence is determined by the difference between the initial
state, trion, and final state, remaining electron (for negative trions). At low densities, the
IX and IXT luminescence energies should experience the same shift with voltage following
the gap between the VB of WSe2 and the CB of MoSe2,
61 consistent with the experiment
(Fig. 3). The splitting between the lines corresponds to the trion binding energy. Details
are presented in SI. The experimentally found binding energy of the indirect trions of 26–28
meV is in agreement with the calculated binding energy of 28 meV for negative indirect
trions in MoS2/WS2 heterostructures.
61
Similarly, spatially direct neutral and charged excitons, DX and DXT, are observed for
spatially direct, i.e., intralayer, luminescence (Fig. 4c). However, in contrast to IX and IXT,
the peak energy of DX and DXT practically does not change with voltage due to vanishing
built-in dipole moment in the direction of applied electric field for direct excitons and trions
8
(Fig. 3 left inset).
The measured indirect trion binding energy of 26–28 meV is smaller than the direct trion
binding energy of 32 meV (Fig. 4) due to the separation between the electron and hole layers,
consistent with the theory of indirect trions in GaAs and TMD heterostructures.61,75,76 DX
and DXT luminescence was studied earlier in monolayer MoSe2.
65,66,77–80
Further significant support for the asignment of the two lines of spatially indirect lumi-
nescence to neutral and charged indirect excitons comes from the temperature dependence:
The luminescence intensity ratio of the lines IXT/IX decreases with increasing temperature
(Fig. 4a,b, Fig. 5a red symbols, and Fig. 5b symbols) in agreement with the mass action law
for the indirect trions (Fig. 5a red line and Fig. 5b lines). The relative intensity of the IXT
luminescence decreases with temperature due to the thermal dissociation of trions. The IXT
temperature dependence is similar to that for DXT both in earlier studies of DXT in MoSe2
monolayers78 and in this work (Figs. 4 and 5).
Solid lines in Fig. 5 present the simulated ratios of trion and exciton integrated lumi-
nescence intensities for the direct, DXT/DX, and the indirect, IXT/IX, cases. We simu-
lated these ratios using their approximate proportionality to the densities of corresponding
particles. The dependence of the densities on temperature is obtained from the mass ac-
tion model,78 details are presented in SI. In these simulations, the trion binding energy is
taken from the measured line splitting. The simulations include two fitting parameters: the
densities of background charge carriers nB and photoexcited electron-hole pairs nP, their
estimation is described in SI. The simulations give qualitatively similar results for various
nP and nB: At high temperatures, the ratio of trion and exciton densities nT/nX increases
with reducing temperature, however, at low temperatures, nT/nX saturates (Figs. 5 and S8).
This saturation is the key characteristic of trion luminescence. The origin of this saturation
is in the finite number of background electrons that are invlolved in the trions. For the
trions formed by binding of the background electrons with photoexcited excitons, at low
temperatures, the trion density saturates at nB and, in turn, the ratio nT/nX asymptotically
9
approaches nB/(nP − nB). The simulations are in agreement with the experimental data
both for direct and indirect trions in the entire temperature range (Fig. 5).
As in the type-I MoS2/hBN TMD heterostructure,
26 IXs are observed at room tem-
perature in our type-II heterostructures (Fig. 4). The observed red shift of the lines with
increasing temperature (Fig. 4) originates from the band gap reduction, which is typical for
semiconductors, the TMDs included.78
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Figure 5: Temperature dependence. Experimental (symbols) and simulated (lines) spec-
trally integrated luminescence intensity ratio IXT/IX (green, blue, red) and DXT/DX (black)
vs. 1/temperature at the CQW bright spot in sample M (a) and the CQW flake in sample
S (b). Pex = 1.25 mW (a), 1 mW [blue squares in (b)], and 3.4 mW [green diamonds in (b)],
Vg = 0.
The narrowest indirect luminescence linewidth is observed at the lowest temperature
(Fig. 4) and smallest excitation power Pex (Fig. S3). The indirect luminescence broadens up
to ∼ 40 meV at room temperature (Fig. 4). With increasing Pex, the indirect luminescence
broadens and shifts to higher energies (Figs. 2, S3). Similar line broadening and shift to
higher energies were observed for IXs in GaAs heterostructures and described in terms of re-
pulsive IX interaction,69 which originates from the repulsion of oriented electric dipoles.81–83
Increasing the density with Pex leads to the enhancement of interaction in the system of
indirect excitons and trions and, in turn, the enhancement of IXT and IX energies.
Isolated IXT have substantial binding energy at low separation between electron and
hole layers,61,75,76 relevant for the MoSe2/WSe2 heterostructure. However, the IX
T binding
energy is smaller than the IX binding energy that stabilizes the neutral system of IXs against
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IX transformations to trions and charged particles. This suggests that most of IXT form by
binding of electrons and holes created by excitation to background charge carriers which
are present in the heterostructure due to unintentional doping. Increasing Pex leads to
the enhancement of relative intensity of IX line, i.e. reduction of IXT/IX ratio, at low
temperatures (Figs. 2b, 5b), consistent with the trion density saturation at nB and, as a
result, enhanced fraction of IXs with increased nP.
We also briefly discuss alternative intepretations for the two lines of spatially indirect
luminescence. A splitting of IX or DX emission to two luminescence lines is a general
phenomenon in two coupled TMD layers. Various interpretations based on the assignment
of the lines to different states of neutral excitons were offered to explain this splitting: The
interpretations in terms of (i) excitonic states split due to the CB K-valley spin splitting,29 (ii)
excitonic states indirect in momentum space and split due to the valley energy difference32,38
or spin-orbit coupling,39 and (iii) excitonic states in moire´ superlattice43–48 following the
theory of moire´ IXs and DXs.50–52
However, interpretations based on different states of neutral excitons do not offer a good
agreement with the experimental data in Fig. 5 and, in turn, a plausible explanation for the
IX lines in the studied heterostructures. In particular, for different states of neutral excitons,
the relative occupation of the lower-energy state and, as a result, the relative intensity of the
lower-energy line should increase with lowering the temperature. This does not agree with
the saturation of the relative intensity of the lower-energy line in the experiment (Fig. 5). The
details are given in SI. In contrast, the theory of neutral excitons and trions is in agreement
with the data (Fig. 5), indicating that the interpretation of the two lines based on neutral
excitons and trions is more plausible.
In conclusion, we present studies of MoSe2/WSe2 heterostructures and report on two
lines of spatially indirect luminescence whose energy splitting and temperature dependence
identify them as neutral indirect excitons and charged indirect excitons, i.e. indirect trions.
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Map of indirect and direct luminescence
The spatially indirect (interlayer) luminescence intensity is enhaced at the bright spots (sam-
ple S: Fig. 2a and Fig. S1a; sample M: Fig. S2a). Both in sample S and sample M, the bright
spots are observed close to the flake boundary (Figs. S1a and S2a). In contrast, the spatially
direct (intralayer) luminescence intensity varies only slightly in the CQW heterostructures
and does not show an intensity enhancement in the bright spots (sample S: Fig. S1b,c; sample
M: Fig. S2b).
Figure 1: Map of indirect and direct luminescence in sample S. x-y luminescence
image of (a) the spatially indirect (interlayer) luminescence (measured in the spectral range
1.24–1.46 eV) and (b,c) the spatially direct (intralayer) luminescence in (b) MoSe2 (measured
in the spectral range 1.60–1.62eV eV) and (c) WSe2 (measured in the spectral range 1.66–
1.69eV eV) in sample S. The layer boundaries are shown. Laser excitation is defocused.
Vg = 0, T = 1.7 K.
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Figure 2: Map of indirect and direct luminescence in sample M. x-y luminescence
image of (a) the spatially indirect (interlayer) luminescence (measured in the spectral range
1.24–1.4 eV) and (b) the spatially direct (intralayer) luminescence (dominating in the spectral
range 1.24–1.91 eV) in sample M. The layer boundaries are shown. Laser excitation is
defocused. Vg = 0, T = 1.7 K.
The bright spots show up to an order of magnitude enhancement of IX luminescence
intensity in comparison to the surrounding region of the CQW heterostructure (Fig. S2a).
The IX luminescence in the bright spot is localized within ∼ 2 µm in sample S and within
the length smaller than the 1 µm resolution of the optical system used in the experiment in
sample M.
Excitation power dependence of indirect luminescence at the bright
spot
The narrowest indirect luminescence linewidth is observed at the smallest excitation power
Pex in the experiment. With increasing Pex, the indirect luminescence broadens (Fig. S3a,d)
and shifts to higher energies (Fig. S3a,b).
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Figure 3: Excitation power dependence of indirect luminescence at the bright
spot in sample M. (a) Indirect luminescence spectra at different excitation powers Pex.
(b-d) The peak energy (b), intensity (c), and linewidth (d) of the luminescence line in (a)
vs. Pex. These parameters are extracted from Lorentzian fits to the luminescence lines, an
example is shown for the 10 µW spectrum by a red dashed line in (a). The curves are guides
to the eye. T = 1.7 K, Vg = 0.
Voltage dependence of luminescence at the CQW flake
The IX energy at the CQW flake is controlled by voltage Vg (Figs. 3, S4, S5). For sample
S, the bias across the CQW is applied by a narrow graphene stripe on the top of the het-
erostructure (Fig. 2a) and the voltage dependence presented in Fig. S4 is measured at the
graphene stripe location. For sample M, the graphene layer covers the entire CQW flake
and the voltage dependence in Fig. S5 is measured at the flake center. With increasing Vg,
the IX energy increases in sample M (Fig. 3 and S5) and reduces in sample S (Fig. S4),
in agreement with the different order of MoSe2 and WSe2 layers in samples M and S. The
neutral and charged indirect exciton peaks, IX and IXT, are not resolved at the CQW flake
in sample M due to larger luminescence linewidth in this region of the sample. The energy
shifts with voltage in the CQW flake (Fig. S5) and bright spot (Fig. 3) are roughly the same,
indicating that in both these regions the indirect luminescence lines correspond to IXs with
the same d.
14
1.34 1.39 1.44
-5 V
0 V
P.
L.
In
te
ns
ity
(a.u.)
Energy (eV)
Figure 4: Voltage dependence of luminescence at the CQW flake in sample S.
Indirect luminescence spectra at the CQW flake [at (0, −13 µm), the coordinate center is at
the bright spot] at different gate voltages Vg. Pex = 3.4 mW. T = 1.7 K.
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Figure 5: Voltage dependence of luminescence at the CQW flake in sample M.
Indirect luminescence spectra at the CQW flake [at (15 µm, −4 µm), the coordinate center
is at the bright spot] at different gate voltages Vg. The neutral and charged indirect exciton
peaks, IX and IXT, are not resolved due to larger luminescence linewidth in this region of
the sample. The inset shows the peak energy of direct and indirect luminescence lines vs.
Vg. Pex = 1.25 mW, T = 1.7 K.
Temperature dependence of luminescence in sample S
Temperature dependences of luminescence at the CQW flake (Figs. 4a and 5b repeated in
Figs. S6b and 6e) and at the bright spot (Fig. S6d,f) in sample S are similar. Similar tem-
perature dependences are also observed for low (Fig. S6a,c) and high (Fig. S6b,d) excitation
powers. With reducing temperature, the luminescence intensity ratio of the lines IXT/IX
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increases at high temperatures and saturates at low temperatures (Fig. S6a-d and symbols
at Fig. 6e,f) in agreement with the mass action law for the indirect trions (blue and green
lines in Fig. S6e,f).
Figure 6: Temperature dependence of indirect luminescence in sample S. (a-d)
Indirect luminescence spectra at the CQW flake [at (0, −7 µm)] (a,b) and at the CQW
bright spot (c,d) at different temperatures. Excitation power Pex = 1 mW (a,c) and 3.4 mW
(b,d). (e,f) Experimental (symbols) and simulated (lines) spectrally integrated luminescence
intensity ratio IXT/IX vs. 1/temperature at the CQW flake (e) and at the CQW bright spot
(f). Pex = 1 mW (blue squares) and 3.4 mW (green diamonds), Vg = 0.
Temperature dependence of luminescence at the CQW flake in sam-
ple M
Figure S7 shows indirect and direct luminescence spectra at the CQW flake in sample M at
different temperatures. The fit to indirect spectra in Fig. S7a and direct spectra in Fig. S7b
is shown in Fig. S7c and Fig. S7d, respectively. In contrast to the bright spot (Fig. 4), the
neutral and charged indirect exciton peaks, IX and IXT, are not resolved in the CQW flake
in sample M due to larger luminescence linewidth in this region (Fig. S7a). However, the fit
to spectra (Fig. S7c) suggests that the temperature dependence of indirect luminescence at
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the CQW flake in sample M is similar to that at the bright spot in sample M (Fig. 4b), at
the bright spot in sample S (Fig. S6), and at the CQW flake in sample S (Fig. 4a): At low
temperatures, the indirect spectra are dominated by the IXT luminescence (green Lorentzians
in Fig. S7c), while the relative intensity of the high-energy IX luminescence (blue Lorentzian
in Fig. S7c) increases with temperature, consistent with the thermal dissociation of IXT.
Both MoSe2 and WSe2 contribute to direct luminescence in the CQW heterostructure
(Fig. S7b). As outlined in the main text, the lowest energy DX state is optically active
(bright) in MoSe2 and dark in WSe2 (Fig. 1c).
40,62–66 As a result, at low temperatures, the
direct luminescence in the CQW heterostructure is dominated by MoSe2. The intensity of
direct luminescence of WSe2 grows with increasing temperature due to thermal occupation
of higher-energy conduction band states involved in the optically active DXs (Fig. 1c).
At the lowest tested temperatures, the direct spectra are dominated by MoSe2 DX
T
luminescence line (green Lorentzians in Fig. S7d). The relative intensity of the higher-
energy MoSe2 DX luminescence (blue Lorentzians in Fig. S7d) increases with temperature,
consistent with the thermal dissociation of MoSe2 DX
T. The low-energy shoulders (magenta
Lorentzians in Fig. S7c,d) are tentatively attributed to localized states.
WSe2 DX
T luminescence line (cyan Lorentzians in Fig. S7d) and WSe2 DX luminescence
line (orange Lorentzians in Fig. S7d) appear in the spectrum around 60 K. The relative inten-
sity of the higher-energy WSe2 DX luminescence increases with temperature, consistent with
the thermal dissociation of WSe2 DX
T. The red shift of the lines with increasing temperature
(Fig. S7e) originates from the band gap reduction, which is typical in semiconductors, the
TMDs included.78
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Figure 7: Temperature dependence of luminescence at the CQW flake in sample
M. (a) Indirect and (b) direct luminescence spectra at the CQW flake [at (15 µm, −4 µm)] at
different temperatures. The fit to spectra in (a) and (b) is shown in (c) and (d), respectively.
The spectra are shown by black lines. The fit Lorentzians are shown by green (IXT and
MoSe2 DX
T), blue (IX and MoSe2 DX), cyan (WSe2 DX
T), orange (WSe2 DX), and magenta
(localized states) lines, their sums by red lines. (e) The peak energy of luminescence lines vs.
temperature. The color of dots in (e) corresponds to the color of corresponding luminescence
lines in (c,d). The curves are guides to the eye. Pex = 1.25 mW, Vg = 0.
Simulations
The simulations set off with determining the densities of excitons and trions from the mass
action model following.78 The mass of an exciton is mX = me + mh and that of a trion is
mT = 2me+mh. The densities of excitons nX , trions nT , and free electrons ne are determined
from conditions
nP = nX + nT , (1)
nB = nT + ne, (2)
nXne/nT = AkBTexp
(
− ET
kBT
)
, (3)
where kB is the Boltzmann constant, T is the ambient temperature, nB is the density of
background electron doping, nP is the density of photoexcited electron-hole pairs, ET is the
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trion binding energy, and A = (4memX)/(pih¯
2mT ). The trion binding energy is taken from
the measured line splitting: ET = 28 meV for indirect trion in sample S and 26 meV for
indirect trion in sample M and ET = 32 meV for direct trion in MoSe2 (Fig. 4). This model
gives the ratio of exciton and trion densities presented in Figs. 5 and S6 by black (for direct
exciton and trion) and red, green, and blue (for indirect exciton and trion) lines.
The simulations give qualitatively similar results for various nP and nB: At high temper-
atures, the ratio nT/nX increases with reducing temperature, however, at low temperatures,
nT/nX saturates (Fig. S8). This saturation is the key characteristic of trion luminescence as
outlined in the main text.
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Figure 8: Estimating nP and nB. The measured (symbols) and simulated (lines) spectrally
integrated luminescence intensity ratio IXT/IX (red) and DXT/DX (black) vs. 1/temper-
ature (a) for fixed nB = 1.9 · 1011 cm−2 fitted to the high-temperature data and different
nP/nB, (b) for fixed nP/nB = 1.05 fitted to the low-temperature data and different nB
(solid lines for nB = 1.9 · 1011 cm−2, dotted and dashed-dotted lines for 1000 times higher
and lower nB, respectively), (c) for fixed nP = 2 · 1011 cm−2 and different nB, (d) for fixed
nB = 1.9 ·1011 cm−2 and different nP . The densities indicated in the figure are in 1010 cm−2.
An estimate for nP and nB can be obtained by treating them as fitting parameters
(Fig. S8). The procedure of estimating nP and nB is simplified by separate fitting of the ratio
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nP/nB and then nB (or nP ) to the low- and high-temperature data, respectively, as described
below. In the limit of vanishing temperatures, equations (1)–(3) give the expected result:
the trion density saturates at nB and, in turn, the ratio nT/nX asymptotically approaches
nB/(nP−nB) = 1/(nP/nB−1). Therefore fitting the low-temperature data gives an estimate
for nP/nB (Fig. S8a). Then nB and, in turn, nP can be estimated by fitting the high-
temperature data (Fig. S8b). The obtained fitting parameters for sample M are nB =
1.9 · 1011 cm−2 and nP = 2 · 1011 cm−2. Figures S8c and S8d show the variation of nT/nX
with nP and nB, respectively.
The measured temperature dependence of indirect exciton and trion luminescence in
the MoSe2/WSe2 CQW heterostructure as well as direct exciton and trion luminescence in
MoSe2 monolayer and in WSe2 monolayer was compared with simulations based on the mass
action model outlined above. The spectra of indirect luminescence were measured at the
bright spot in MoSe2/WSe2 CQW heterostructure in sample M (Fig. S9a). The spectra of
direct luminescence in MoSe2 monolayer (Fig. S9b) and in WSe2 monolayer (Fig. S9c) were
measured outside the CQW heterostructure region, namely in the monolayer MoSe2 and in
the monolayer WSe2 regions of sample M.
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Figure 9: Measured and simulated temperature dependence of luminescence at
the bright spot in MoSe2/WSe2 CQW heterostructure and in MoSe2 and WSe2
monolayers in sample M. Measured spectra of (a) indirect luminescence in the bright
spot in MoSe2/WSe2 CQW heterostructure, (b) direct luminescence in MoSe2 monolayer,
and (c) direct luminescence in WSe2 monolayer at different temperatures. Pex = 1.25 mW,
Vg = 0. Simulated luminescence of (d) IX and IX
T in MoSe2/WSe2 CQW heterostructure,
(e) DX and DXT in MoSe2 monolayer, and (f) DX and DX
T in WSe2 monolayer.
Two species of both excitons and trions (bright and dark) were observed in direct lumi-
nescence of monolayer WSe2.
65,66 In the monolayer WSe2 studied here, three luminescence
lines can be seen (Fig. S9c). The simulations of WSe2 luminescence (Fig. S9f) include direct
exciton and two species of direct trions with the binding energies taken from the measured
line splitting ET1 = 27 meV and ET2 = 52 meV (Fig. S9c).
Figures S9d-f show luminescence spectra simulated using the following approximation.
The ratio of exciton and trion luminescence intensities is taken equal to the ratio of exciton
and trion densities. The estimation of the latter is described above. A phenomenologi-
cal dependence of the bandgap on temperature is taken from the experiment (Fig. S9a-c)
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∆Eg[meV] = −0.05T − 6 · 10−4T 2, where temperature is in units of Kelvin. The peak en-
ergies of exciton luminescence, i.e., the bandgap minus the exciton binding energy, at zero
temperature are taken from the experiment (Fig. S9a-c) Eg−EX = 1425 meV (IX in CQW),
Eg−EX = 1636 meV (DX in MoSe2), Eg−EX = 1713 meV (DX in WSe2). The ratio of trion
1 and trion 2 densities in WSe2 is approximated by the Maxwell-Boltzmann distribution. We
do not specifically consider the effects of interaction, disorder, recoil, or light cone on the
luminescence lineshape. Instead, we incorporate a phenomenological Lorentzian broadening
dependent on temperature as ∆[meV] = 5+0.05T for the luminescense lines. The simulated
spectra (Fig. S9d-f) illustrate the major features observed in the experiments (Fig. S9a-c).
Two indirect luminescence lines: Interpretation in terms of indirect
trion IXT and neutral indirect exciton IX
vs. interpretation in terms of two different states of neutral IXs
Figure S10 reproduces the measured (symbols) and simulated (solid lines) spectrally inte-
grated line luminescence intensity ratio IXT/IX (red) and DXT/DX (black) vs. 1/temperature
(same data as in Fig. 5a). The simulation of the indirect trion IXT to indirect neutral exciton
IX line intensity ratio (solid red line) is in agreement with the experiment (red symbols) as
outlined above.
We also consider alternative interpretations for the two indirect luminescence lines. In
Fig. S10, the measured temperature dependence of the line intensity ratio (Fig. S10 symbols)
is also compared with the ratio expected for different states of neutral IXs. As for the model
of a trion and a neutral exciton outlined above, we consider the states at thermal equilibrium
and obeying the Maxwell-Boltzmann distribution. Thermal equilibrium is facilitated by the
long IX lifetimes.
The exciton luminescence intensity is given by nX/τr so the luminescence intensity ratio
for two states of neutral IXs is given by nX1/nX2 · τr2/τr1 = nX1/nX2 · R, where R is the
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ratio of radiative lifetimes τr2 and τr1 of the two excitonic transitions. For the splitting
between two states of neutral IXs ∆E = 26 meV corresponding to the measured splitting
between the lines, their luminescence intensity ratio is proportional to their occupation ratio
exp(∆E/kBT ) shown in Fig. S10 by red dashed line. Treating R as an adjustable parameter
for achieving as good as possible agreement with the experiment allows shifting the red
dashed line vertically keeping its slope unchanged in Fig. S10. For the red dashed line in
Fig. S10, R ∼ 150 (with the higher energy exciton state having 150 times shorter radiative
lifetime than the lower energy exciton state) to fit the experimental point at T = 60 K,
this provides a better fit to the experiment, however, assuming other R does not change
the discussion below. [For a model based on two states of neutral IXs, an explanation of
the higher intensity of the higher energy exciton line observed at T > 60 K (Figs. 4 and
S6) requires a significantly higher oscillator strength for the higher energy exciton state.]
Figure S10 shows that exp(∆E/kBT ) (red dashed line) does not agree with the experimental
data. Since varying the ratio R of radiative lifetimes of the two excitonic transitions only
moves the dashed line vertically in Fig. S10, no agreement is achieved for any R. For
instance, in the range T = 20 − 160 K the measured intensity ratio drops by ∼ 50 times
while the intensity ratio for two states of neutral IXs exp(∆E/kBT ) drops by ∼ 5×105 times
(Fig. S10). This large discrepancy, by orders of magnitude, indicates that interpretations
of the two indirect luminescence lines based on two different states of neutral IXs are less
plausible than the interpretation based on neutral exciton IX and trion IXT, which is in
agreement with the data.
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Figure 10: Temperature dependence of luminescence. The measured (symbols) and
simulated (solid lines) spectrally integrated luminescence intensity ratio IXT/IX (red) and
DXT/DX (black) vs. 1/temperature (same data as in Fig. 5a). The simulation of the indirect
trion IXT to indirect neutral exciton IX line intensity ratio (solid red line) is in agreement
with the experiment (red symbols). Exponential ratio exp(∆E/kBT ) for two states of neutral
IXs separated by ∆E = 26 meV (red dashed line) does not offer a good agreement with the
experiment.
Power dependence of luminescence at the CQW flake in sample M
As at the bright spot (Fig. S3), the indirect luminescence outside the bright spot at the
CQW flake shifts to higher energies with increasing excitation power Pex (Fig. S11). No
such energy enhancement is observed for direct luminescence neither in the bright spot no
outside the bright spot.
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Figure 11: Power dependence of luminescence at the CQW flake in sample M.
(a) Indirect and (b) direct luminescence spectra at the CQW flake [at (15 µm, −4 µm)] in
sample M at different excitation powers Pex. The energy (c), intensity (d), and linewidth (e)
of the indirect (black circles) and direct (magenta squares) luminescence lines shown in (a)
and (b) vs. Pex. Vg = 0, T = 1.7 K.
Shift of IXT and IX luminescence lines with voltage
The energy of the trion luminescence is determined by the difference between the initial state,
trion, and final state, remaining electron (for negative trions). At low densities, the IX and
IXT luminescence energies are given by E0−edFz−EX and E0−edFz−EX−ET, respectively,
and IX and IXT luminescence lines should experience the same shift with voltage following
the gap between the VB of WSe2 and the CB of MoSe2,
61 consistent with the experiment
(Fig. 3) (E0 − edFz is the gap between the VB of WSe2 and the CB of MoSe2, EX and ET
are IX and IXT binding energies, respectively). While the trion has an addition electron, the
energy of this electron in the electric field Fz enters both to the initial and final state and,
as a result, does not affect the trion luminescence energy.
At high densities, the shifts may become different due to collective phenomena. For
instance, for the trion luminescence, the final state of the remaining electron is affected by
the electron Fermi energy, and, if the electron Fermi energy changes with voltage the trion
and neutral exciton shifts with voltage can be different.77
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Methods
The excitons were generated by a semiconductor laser with excitation energy Eex = 1.96 eV.
Luminescence spectra were measured using a spectrometer with resolution 0.2 meV and
a liquid-nitrogen-cooled CCD. The laser was either defocused or focused to a spot size ∼
3.5 µm. The IX lifetime was measured using the laser pulses of a rectangular shape with the
duration 20 ns, period 80 ns, and edge sharpness ∼ 0.5 ns, the emitted light was filtered by
an interference filter and detected by a liquid-nitrogen-cooled CCD coupled to a PicoStar
HR TauTec time-gated intensifier. The IX lifetimes measured at 2 K reach ∼ 10 ns, orders
of magnitude longer than the direct exciton lifetime in single-layer TMD.84 The experiments
were performed in a variable-temperature 4He cryostat at T = 1.7− 293 K.
The trion luminescence can be co-polarized with the incident light, counterpolarized, and
unpolarized, as described in topical review.85 Since the polarization of the trion luminescence
is a complex issue with multiple possible outcomes, it is hard to use it for a definitive as-
signment of a luminescence line to the trion. On the contrary, the temperature dependence
distinguishes the interpretations of two lines in terms of trion and exciton vs. exciton and
exciton, as outlined above. This is why the temperature dependence is used for the as-
signment of the luminescence line to the indirect trion in this work, polarization-resolved
measurements form the subject for future studies.
The studied van der Waals heterostructures were assembled using the standard peel-and-
lift technique.86 In brief, individual crystals of graphene, hBN, MoSe2, and WSe2 were first
micromechanically exfoliated onto different Si substrates that were coated with a double
polymer layer consisting of polymethyl glutarimide (PMGI) and polymethyl methacrylate
(PMMA). The bottom PMGI was then dissolved releasing the top PMMA membrane with
a target 2D crystal. Separately, a large graphite crystal was exfoliated onto an oxidized Si
wafer, which later served as the bottom electrode. The PMMA membrane was then flipped
over and aligned above an atomically-flat region of the graphite crystal using a microme-
chanical transfer stage. The two crystals were brought into contact and the temperature of
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the stage was ramped to 80o C in order to increase adhesion between the 2D crystals. Then,
the PMMA membrane was slowly peeled off leaving the bilayer stack on the wafer. The
procedure was repeated leading to a multi-crystal stack with the desired layer sequence. The
long edges of MoSe2 and WSe2 monolayers were aligned (Fig. S1). We note that the depen-
dence on the angle beween the layers form the subject for future studies and do not affect
the conclusions on neutral and charged IXs in this work. Finally, electron-beam lithography
was employed to define contact regions to graphene and graphite crystals, which followed by
metal evaporation of electrical contacts (3 nm Cr / 80 nm Au) and liftoff.
References
(1) Lozovik, Y. E.; Yudson, V. I. A new mechanism for superconductivity: pairing between
spatially separated electrons and holes. Sov. Phys. JETP 1976, 44, 389.
(2) Butov, L. V.; Ivanov, A. L.; Imamoglu, A.; Littlewood, P. B.; Shashkin, A. A.; Dolgo-
polov, V. T.; Campman, K. L.; Gossard, A. C. Stimulated scattering of indirect excitons
in coupled quantum wells: Signature of a degenerate Bose-gas of excitons. Phys. Rev.
Lett. 2001, 86, 5608.
(3) High, A. A.; Leonard, J. R.; Hammack, A. T.; Fogler, M. M.; Butov, L. V.; Ka-
vokin, A. V.; Campman, K. L.; Gossard, A. C. Spontaneous coherence in a cold exciton
gas. Nature 2012, 483, 584.
(4) Butov, L. V.; Gossard, A. C.; Chemla, D. S. Macroscopically ordered state in an exciton
system. Nature 2002, 418, 751.
(5) Alloing, M.; Beian, M.; Lewenstein, M.; Fuster, D.; Gonza´lez, Y.; Gonza´lez, L.;
Combescot, R.; Combescot, M.; Dubin, F. Evidence for a Bose-Einstein condensate
of excitons. Europhys. Lett. 2014, 107, 10012.
27
(6) Yang, S.; Butov, L. V.; Simons, B. D.; Campman, K. L.; Gossard, A. C. Fluctuation
and Commensurability Effect of Exciton Density Wave. Phys. Rev. B 2015, 91, 245302.
(7) High, A. A.; Hammack, A. T.; Leonard, J. R.; Yang, S.; Butov, L. V.; Ostatnicky´, T.;
Vladimirova, M.; Kavokin, A. V.; Liew, T. C. H.; Campman, K. L.; Gossard, A. C.
Spin currents in a coherent exciton gas. Phys. Rev. Lett. 2013, 110, 246403.
(8) Leonard, J. R.; High, A. A.; Hammack, A. T.; Fogler, M. M.; Butov, L. V.; Camp-
man, K. L.; Gossard, A. C. Pancharatnam-Berry phase in condensate of indirect exci-
tons. Nature Commun. 2018, 9, 2158.
(9) Hagn, M.; Zrenner, A.; Bo¨hm, G.; Weimann, G. Electric-field-induced exciton transport
in coupled quantum well structures. Appl. Phys. Lett. 1995, 67, 232.
(10) Ga¨rtner, A.; Holleitner, A. W.; Kotthaus, J. P.; Schuh, D. Drift mobility of long-living
excitons in coupled GaAs quantum wells. Appl. Phys. Lett. 2006, 89, 052108.
(11) Lazic´, S.; Violante, A.; Cohen, K.; Hey, R.; Rapaport, R.; Santos, P. V. Scalable
interconnections for remote indirect exciton systems based on acoustic transport. Phys.
Rev. B 2014, 89, 085313.
(12) Winbow, A. G.; Leonard, J. R.; Remeika, M.; Kuznetsova, Y. Y.; High, A. A.; Ham-
mack, A. T.; Butov, L. V.; Wilkes, J.; Guenther, A. A.; Ivanov, A. L.; Hanson, M.;
Gossard, A. C. Electrostatic Conveyer for Excitons. Phys. Rev. Lett. 2011, 106, 196806.
(13) High, A. A.; Novitskaya, E. E.; Butov, L. V.; Hanson, M.; Gossard, A. C. Control of
exciton fluxes in an excitonic integrated circuit. Science 2008, 321, 229.
(14) Chemla, D. S.; Miller, D. A. B.; Smith, P. W.; Gossard, A. C.; Wiegmann, W. Room
temperature excitonic nonlinear absorption and refraction in GaAs/AlGaAs multiple
quantum well structures. IEEE J. Quantum Electron. 1984, 20, 265.
28
(15) Sivalertporn, K.; Mouchliadis, L.; Ivanov, A. L.; Philp, R.; Muljarov, E. A. Direct and
indirect excitons in semiconductor coupled quantum wells in an applied electric field.
Phys. Rev. B 2012, 85, 045207.
(16) Zrenner, A.; Leeb, P.; Scha¨fler, J.; Bo¨hm, G.; Weimann, G.; Worlock, J. M.; Flo-
rez, L. T.; Harbison, J. P. Indirect excitons in coupled quantum well structures. Surf.
Sci. 1992, 263, 496.
(17) Fogler, M. M.; Butov, L. V.; Novoselov, K. S. High-temperature superfluidity with
indirect excitons in van der Waals heterostructures. Nature Commun. 2014, 5, 4555.
(18) Grosso, G.; Graves, J.; Hammack, A. T.; High, A. A.; Butov, L. V.; Hanson, M.;
Gossard, A. C. Excitonic switches operating at around 100 K. Nature Photonics 2009,
3, 577.
(19) Lefebvre, P.; Kalliakos, S.; Bretagnon, T.; Valvin, P.; Taliercio, T.; Gil, B.; Grand-
jean, N.; Massies, J. Observation and modeling of the time-dependent descreening of
internal electric field in a wurtzite GaN/Al0.15Ga0.85N quantum well after high pho-
toexcitation. Phys. Rev. B 2004, 69, 035307.
(20) Morhain, C.; Bretagnon, T.; Lefebvre, P.; Tang, X.; Valvin, P.; Guillet, T.; Gil, B.;
Taliercio, T.; Teisseire-Doninelli, M.; Vinter, B.; Deparis, C. Internal electric field in
wurtzite ZnO/Zn0.78Mg0.22O quantum wells. Phys. Rev. B 2005, 72, 241305(R).
(21) Fedichkin, F.; Guillet, T.; Valvin, P.; Jouault, B.; Brimont, C.; Bretagnon, T.; Lahour-
cade, L.; Grandjean, N.; Lefebvre, P.; Vladimirova, M. Room-Temperature Transport of
Indirect Excitons in (Al,Ga)N/GaN Quantum Wells. Phys. Rev. Appl. 2016, 6, 014011.
(22) Chiaruttini, F.; Guillet, T.; Brimont, C.; Jouault, B.; Lefebvre, P.; Vives, J.; Chenot, S.;
Cordier, Y.; Damilano, B.; Vladimirova, M. Trapping Dipolar Exciton Fluids in
GaN/(AlGa)N Nanostructures. Nano Lett. 2019,
29
(23) Geim, A. K.; Grigorieva, I. V. Van der Waals heterostructures. Nature 2013, 499, 419.
(24) Ye, Z.; Cao, T.; O’Brien, K.; Zhu, H.; Yin, X.; Wang, Y.; Louie, S. G.; Zhang, X.
Probing excitonic dark states in single-layer tungsten disulphide. Nature 2014, 513,
214.
(25) Chernikov, A.; Berkelbach, T. C.; Hill, H. M.; Rigosi, A.; Li, Y.; Aslan, O. B.; Reich-
man, D. R.; Hybertsen, M. S.; Heinz, T. F. Exciton Binding Energy and Nonhydrogenic
Rydberg Series in Monolayer WS2. Phys. Rev. Lett. 2014, 113, 076802.
(26) Calman, E. V.; Fogler, M. M.; Butov, L. V.; Hu, S.; Mishchenko, A.; Geim, A. K. Indi-
rect excitons in van der Waals heterostructures at room temperature. Nature Commun.
2018, 9, 1895.
(27) Fang, H.; Battaglia, C.; Carraro, C.; Nemsak, S.; Ozdol, B.; Kang, J. S.; Bechtel, H. A.;
Desai, S. B.; Kronast, F.; Unal, A. A.; Conti, G.; Conlon, C.; Palsson, G. K.; Mart-
ing, M. C.; Minor, A. M.; Fadley, C. S.; Yablonovitch, E.; Maboudian, R.; Javey, A.
Strong interlayer coupling in van der Waals heterostructures built from single-layer
chalcogenides. PNAS 2014, 111, 6198.
(28) Hong, X.; Kim, J.; Shi, S.-F.; Zhang, Y.; Jin, C.; Sun, Y.; Tongay, S.; Wu, J.; Zhang, Y.;
Wang, F. Ultrafast charge transfer in atomically thin MoS2/WS2 heterostructures. Na-
ture Nano. 2014, 9, 682.
(29) Rivera, P.; Schaibley, J. R.; Jones, A. M.; Ross, J. S.; Wu, S.; Aivazian, G.; Klement, P.;
Seyler, K.; Clark, G.; Ghimire, N. J.; Yan, J.; Mandrus, D. G.; Yao, W.; Xu, X. Ob-
servation of long-lived interlayer excitons in monolayer MoSe2-WSe2 heterostructures.
Nature Commun. 2015, 6, 6242.
(30) Yu, H.; Wang, Y.; Tong, Q.; Xu, X.; Yao, W. Anomalous Light Cones and Valley
Optical Selection Rules of Interlayer Excitons in Twisted Heterobilayers. Phys. Rev.
Lett. 2015, 115, 187002.
30
(31) Rivera, P.; Seyler, K. L.; Yu, H.; Schaibley, J. R.; Yan, J.; Mandrus, D. G.; Yao, W.;
Xu, X. Valley-polarized exciton dynamics in a 2D semiconductor heterostructure. Sci-
ence 2016, 351, 688.
(32) Miller, B.; Steinhoff, A.; Pano, B.; Klein, J.; Jahnke, F.; Holleitner, A.; Wurstbauer, U.
Long-Lived Direct and Indirect Interlayer Excitons in van der Waals Heterostructures.
Nano Lett. 2017, 17, 5229.
(33) Nagler, P.; Plechinger, G.; Ballottin, M. V.; Mitioglu, A.; Meier, S.; Paradiso, N.;
Strunk, C.; Chernikov, A.; Christianen, P. C. M.; Schu¨ller, C.; Korn, T. Interlayer
exciton dynamics in a dichalcogenide monolayer heterostructure. 2D Mater. 2017, 4,
025112.
(34) Gao, S.; Yang, L.; Spataru, C. D. Interlayer Coupling and Gate-Tunable Excitons in
Transition Metal Dichalcogenide Heterostructures. Nano Lett. 2017, 17, 7809.
(35) Wang, Z.; Chiu, Y.-H.; Honz, K.; Mak, K. F.; Shan, J. Electrical Tuning of Interlayer
Exciton Gases in WSe2 Bilayers. Nano Lett. 2018, 18, 137.
(36) Torun, E.; Miranda, H. P. C.; Molina-Sa´nchez, A.; Wirtz, L. Interlayer and intralayer
excitons in MoS2/WS2 and MoSe2/WSe2 heterobilayers. Phys. Rev. B 2018, 97,
245427.
(37) Unuchek, D.; Ciarrocchi, A.; Avsar, A.; Watanabe, K.; Taniguchi, T.; Kis, A. Room-
temperature electrical control of exciton flux in a van der Waals heterostructure. Nature
2018, 560, 340.
(38) Okada, M.; Kutana, A.; Kureishi, Y.; Kobayashi, Y.; Saito, Y.; Saito, T.; Watan-
abe, K.; Taniguchi, T.; Gupta, S.; Miyata, Y.; Yakobson, B. I.; Shinohara, H.; Ki-
taura, R. Direct and Indirect Interlayer Excitons in a van der Waals Heterostructure
of hBN/WS2/MoS2/hBN. ACS Nano 2018, 12, 2498.
31
(39) Hanbicki, A. T.; Chuang, H.-J.; Rosenberger, M. R.; Hellberg, C. S.; Sivaram, S. V.;
McCreary, K. M.; Mazin, I. I.; Jonker, B. T. Double Indirect Interlayer Exciton in a
MoSe2/WSe2 van der Waals Heterostructure. ACS Nano 2018, 12, 4719.
(40) Jiang, C.; Xu, W.; Rasmita, A.; Huang, Z.; Li, K.; Xiong, Q.; Gao, W.-B. Microsecond
dark-exciton valley polarization memory in two-dimensional heterostructures. Nature
Commun. 2018, 9, 753.
(41) Choi, C.; Huang, J.; Cheng, H.-C.; Kim, H.; Vinod, A. K.; Bae, S.-H.; zelik, V. O.;
Grassi, R.; Chae, J.; Huang, S.-W.; Duan, X.; Kaasbjerg, K.; Low, T. Enhanced inter-
layer neutral excitons and trions in trilayer van der Waals heterostructures. 2D Mate-
rials and Applications 2018, 2, 30.
(42) Jauregui, L. A.; Joe, A. Y.; Pistunova, K.; Wild, D. S.; High, A. A.; Zhou, Y.; Scuri, G.;
Greve, K. D.; Sushko, A.; Yu, C.-H.; Taniguchi, T.; Watanabe, K.; Needleman, D. J.;
Lukin, M. D.; Park, H.; Kim, P. Electrical control of interlayer exciton dynamics in
atomically thin heterostructures. arXiv:1812.08691
(43) Zhang, N.; Surrente, A.; Baranowski, M.; Maude, D. K.; Gant, P.; Castellanos-
Gomez, A.; Plochocka, P. Moire´ Intralayer Excitons in a MoSe2/MoS2 Heterostructure.
Nano Lett. 2018, 18, 7651.
(44) Ciarrocchi, A.; Unuchek, D.; Avsar, A.; Watanabe, K.; Taniguchi, T.; Kis, A. Polariza-
tion switching and electrical control of interlayer excitons in two-dimensional van der
Waals heterostructures. Nature Photonics 2019, 13, 131.
(45) Tran, K.; Moody, G.; Wu, F.; Lu, X.; Choi, J.; Kim, K.; Rai, A.; Sanchez, D. A.;
Quan, J.; Singh, A.; Embley, J.; Zepeda, A.; Campbell, M.; Autry, T.; Taniguchi, T.;
Watanabe, K.; Lu, N.; Banerjee, S. K.; Silverman, K. L.; Kim, S.; Tutuc, E.; Yang, L.;
MacDonald, A. H.; Li, X. Evidence for moire´ excitons in van der Waals heterostructures.
Nature 2019, 567, 71.
32
(46) Seyler, K. L.; Rivera, P.; Yu, H.; Wilson, N. P.; Ray, E. L.; Mandrus, D. G.; Yan, J.;
Yao, W.; Xu, X. Signatures of moire´-trapped valley excitons in MoSe2/WSe2 heterobi-
layers. Nature 2019, 567, 66.
(47) Jin, C.; Regan, E. C.; Yan, A.; Utama, M. I. B.; Wang, D.; Zhao, S.; Qin, Y.; Yang, S.;
Zheng, Z.; Shi, S.; Watanabe, K.; Taniguchi, T.; Tongay, S.; Zettl, A.; Wang, F. Ob-
servation of moire´ excitons in WSe2/WS2 heterostructure superlattices. Nature 2019,
567, 76.
(48) Alexeev, E. M.; Ruiz-Tijerina, D. A.; Danovich, M.; Hamer, M. J.; Terry, D. J.;
Nayak, P. K.; Ahn, S.; Pak, S.; Lee, J.; Sohn, J. I.; Molas, M. R.; Koperski, M.; Watan-
abe, K.; Taniguchi, T.; Novoselov, K. S.; Gorbachev, R. V.; Shin, H. S.; Falko, V. I.;
Tartakovskii, A. I. Resonantly hybridized excitons in moire´ superlattices in van der
Waals heterostructures. Nature 2019, 567, 81.
(49) Jin, C.; Regan, E. C.; Wang, D.; Utama, M. I. B.; Yang, C.-S.; Cain, J.; Qin, Y.;
Shen, Y.; Zheng, Z.; Watanabe, K.; Taniguchi, T.; Tongay, S.; Zettl, A.; Wang, F.
Resolving spin, valley, and moire´ quasi-angular momentum of interlayer excitons in
WSe2/WS2 heterostructures. arxiv:1902.05887
(50) Wu, F.; Lovorn, T.; MacDonald, A. Topological Exciton Bands in Moire´ Heterojunc-
tions. Phys. Rev. Lett. 2017, 118, 147401.
(51) Yu, H.; Liu, G.-B.; Tang, J.; Xu, X.; Yao, W. Moire´ excitons: From programmable quan-
tum emitter arrays to spin-orbitcoupled artificial lattices. Sci. Adv. 2017, 3, e1701696.
(52) Wu, F.; Lovorn, T.; MacDonald, A. H. Theory of optical absorption by interlayer exci-
tons in transition metal dichalcogenide heterobilayers. Phys. Rev. B 2018, 97, 035306.
(53) Spielman, I. B.; Eisenstein, J. P.; Pfeiffer, L. N.; West, K. W. Resonantly Enhanced
Tunneling in a Double Layer Quantum Hall Ferromagnet. Phys. Rev. Lett. 2000, 84,
5808.
33
(54) Kellogg, M.; Eisenstein, J. P.; Pfeiffer, L. N.; West, K. W. Vanishing Hall Resistance at
High Magnetic Field in a Double-Layer Two-Dimensional Electron System. Phys. Rev.
Lett. 2004, 93, 036801.
(55) Tutuc, E.; Shayegan, M.; Huse, D. A. Counterflow Measurements in Strongly Correlated
GaAs Hole Bilayers: Evidence for Electron-Hole Pairing. Phys. Rev. Lett. 2004, 93,
036802.
(56) Eisenstein, J. P.; MacDonald, A. H. Bose-Einstein condensation of excitons in bilayer
electron systems. Nature 2004, 432, 691.
(57) Tiemann, L.; Lok, J. G. S.; Dietsche, W.; von Klitzing, K.; Muraki, K.; Schuh, D.;
Wegscheider, W. Exciton condensate at a total filling factor of one in Corbino two-
dimensional electron bilayers. Phys. Rev. B 2008, 77, 033306.
(58) Nandi, D.; Finck, A. D. K.; Eisenstein, J. P.; Pfeiffer, L. N.; West, K. W. Exciton
condensation and perfect Coulomb drag. Nature 2012, 488, 481.
(59) Liu, X.; Watanabe, K.; Taniguchi, T.; Halperin, B. I.; Kim, P. Quantum Hall drag of
exciton condensate in graphene. Nature Phys. 2017, 13, 746.
(60) Li, J. I. A.; Taniguchi, T.; Watanabe, K.; Hone, J.; Dean, C. R. Excitonic superfluid
phase in double bilayer graphene. Nature Phys. 2017, 13, 751.
(61) Deilmann, T.; Thygesen, K. S. Interlayer Trions in the MoS2/WS2 van der Waals
Heterostructure. Nano Lett. 2018, 18, 1460.
(62) Liu, G.-B.; Shan, W.-Y.; Yao, Y.; Yao, W.; Xiao, D. Three-band tight-binding model
for monolayers of group-VIB transition metal dichalcogenides. Phys. Rev. B 2013, 88,
085433.
(63) Wang, G.; Robert, C.; Suslu, A.; Chen, B.; Yang, S.; Alamdari, S.; Gerber, I. C.;
34
Amand, T.; Marie, X.; Tongay, S.; Urbaszek, B. Spin-orbit engineering in transition
metal dichalcogenide alloy monolayers. Nature Commun. 2015, 6, 10110.
(64) Zhang, X.-X.; You, Y.; Zhao, S. Y. F.; Heinz, T. F. Experimental Evidence for Dark
Excitons in Monolayer WSe2. Phys. Rev. Lett. 2015, 115, 257403.
(65) Zhou, Y.; Scuri, G.; Wild, D. S.; High, A. A.; Dibos, A.; Jauregui, L. A.; Shu, C.;
Greve, K. D.; Pistunova, K.; Joe, A. Y.; Taniguchi, T.; Watanabe, K.; Kim, P.;
Lukin, M. D.; Park, H. Probing dark excitons in atomically thin semiconductors via
near-field coupling to surface plasmon polaritons. Nature Nano. 2017, 12, 856.
(66) Zhang, X.-X.; Cao, T.; Lu, Z.; Lin, Y.-C.; Zhang, F.; Wang, Y.; Li, Z.; Hone, J. C.;
Robinson, J. A.; Smirnov, D.; Louie, S. G.; Heinz, T. F. Magnetic brightening and
control of dark excitons in monolayer WSe2. Nature Nano. 2017, 12, 883.
(67) Huber, T.; Zrenner, A.; Wegscheider, W.; Bichler, M. Electrostatic exciton traps. Phys.
Status Solidi A 1998, 166, R5.
(68) Gorbunov, A. V.; Timofeev, V. B. Interwell excitons in a lateral potential well in an
inhomogeneous electric field. JETP Lett. 2004, 80, 185.
(69) High, A. A.; Hammack, A. T.; Butov, L. V.; Mouchliadis, L.; Ivanov, A. L.; Hanson, M.;
Gossard, A. C. Indirect excitons in elevated traps. Nano Lett. 2009, 9, 2094.
(70) High, A. A.; Leonard, J. R.; Remeika, M.; Butov, L. V.; Hanson, M.; Gossard, A. C.
Condensation of Excitons in a Trap. Nano Lett. 2012, 12, 2605.
(71) Schinner, G. J.; Repp, J.; Schubert, E.; Rai, A. K.; Reuter, D.; Wieck, A. D.; Gov-
orov, A. O.; Holleitner, A. W.; Kotthaus, J. P. Confinement and interaction of single
indirect excitons in a voltage-controlled trap formed inside double InGaAs quantum
wells. Phys. Rev. Lett. 2013, 110, 127403.
35
(72) Shilo, Y.; Cohen, K.; Laikhtman, B.; West, K.; Pfeiffer, L.; Rapaport, R. Particle
correlations and evidence for dark state condensation in a cold dipolar exciton fluid.
Nature Commun. 2013, 4, 2335.
(73) Mazuz-Harpaz, Y.; Cohen, K.; Laikhtman, B.; Rapaport, R.; West, K.; Pfeiffer, L. N.
Radiative lifetimes of dipolar excitons in double quantum wells. Phys. Rev. B 2017,
95, 155302.
(74) Zhu, Z. Y.; Cheng, Y. C.; Schwingenschlo¨gl, U. Giant spin-orbit-induced spin splitting
in two-dimensional transition-metal dichalcogenide semiconductors. Phys. Rev. B 2011,
84, 153402.
(75) Witham, O.; Hunt, R. J.; Drummond, N. D. Stability of trions in coupled quantum
wells modeled by two-dimensional bilayers. Phys. Rev. B 2018, 97, 075424.
(76) Bondarev, I. V.; Vladimirova, M. R. Complexes of dipolar excitons in layered quasi-
two-dimensional nanostructures. Phys. Rev. B 2018, 97, 165419.
(77) Mak, K. F.; He, K.; Lee, C.; Lee, G. H.; Hone, J.; Heinz, T. F.; Shan, J. Tightly bound
trions in monolayer MoS2. Nature Mat. 2012, 12, 207.
(78) Ross, J. S.; Wu, S.; Yu, H.; Ghimire, N. J.; Jones, A. M.; Aivazian, G.; Yan, J.;
Mandrus, D. G.; Xiao, D.; Yao, W.; Xu, X. Electrical control of neutral and charged
excitons in a monolayer semiconductor. Nature Commun. 2013, 4, 1474.
(79) Berkelbach, T. C.; Hybertsen, M. S.; Reichman, D. R. Theory of neutral and charged
excitons in monolayer transition metal dichalcogenides. Phys. Rev. B 2013, 88, 045318.
(80) Courtade, E.; Semina, M.; Manca, M.; Glazov, M. M.; Robert, C.; Cadiz, F.; Wang, G.;
Taniguchi, T.; Watanabe, K.; Pierre, M.; Escoffier, W.; Ivchenko, E. L.; Renucci, P.;
Marie, X.; Amand, T.; Urbaszek, B. Charged excitons in monolayer WSe2: Experiment
and theory. Phys. Rev. B 2017, 96, 085302.
36
(81) Yoshioka, D.; MacDonald, A. H. Double quantum well electron-hole systems in strong
magnetic fields. J. Phys. Soc. Jpn. 1990, 59, 4211.
(82) Zhu, X.; Littlewood, P. B.; Hybertsen, M. S.; Rice, T. M. Exciton condensate in semi-
conductor quantum well structures. Phys. Rev. Lett. 1995, 74, 1633.
(83) Yu. E. Lozovik, O. L. B. Phase transitions in a system of two coupled quantum wells.
JETP Lett. 1996, 64, 573.
(84) Korn, T.; Heydrich, S.; Hirmer, M.; Schmutzler, J.; Schu¨ller, C. Low temperature
photocarrier dynamics in monolayer MoS2. Appl. Phys. Lett. 2011, 99, 102109.
(85) Bar-Joseph, I. Trions in GaAs quantum wells. Semicond. Sci. Technol. 2005, 20, R29.
(86) Withers, F.; Pozo-Zamudio, O. D.; Mishchenko, A.; Rooney, A. P.; Gholinia, A.; Watan-
abe, K.; Taniguchi, T.; Haigh, S. J.; Geim, A. K.; Tartakovskii, A. I.; Novoselov, K. S.
Light-emitting diodes by band-structure engineering in van der Waals heterostructures.
Nature Mat. 2015, 14, 301.
37
